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(57) An engine where first combustion where the 
amount of the EGR gas in the combustion chamber is 
largerthan the amount of EGR where the amount of pro- 
duction of soot peaks and almost no soot is produced 
and a second combustion where the amount of EG R gas 
in the combustion chamber (5) is smaller than the 
amount of EGR gas where the amount of production of 
soot peaks are selectively switched between. When 
switching between the first combustion and second 
combustion, the injection timing is delayed until aftertop 
dead center of the compression stroke. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to an internal 5 
combustion engine. 

BACKGROUND ART 

[0002] In the past, in an internal combustion engine, 
for example, a diesel engine, the production of NO x has 
been suppressed by connecting the engine exhaust 
passage and the engine Intake passage by an exhaust 
gas recirculation (EGR) passage so as to cause the ex- 
haust gas, that is, the EGR gas, to recirculate in the en- 
gine intake passage through the EGR passage. In this 
case, the EGR gas has a relatively high specific heat 
and therefore can absorb a large amount of heat, so the 
larger the amount of EGR gas, that is, the higher the 
EGR rate (amount of EGR gas/(amount of EGR gas + 
amount of intake air), the lower the combustion temper- 
ature in the combustion chamber. When the combustion 
temperature falls, the amount of NO x produced falls and 
therefore the higherthe EGR rate, the lowerthe amount 
of NO x produced. 

[0003] In this way, in the past, it was known that the 
higherthe EGR rate, the lower the amount of NO x pro- 
duced can become. If the EGR rate is increased, how- 
ever, the amount of soot produced, that is, the smoke, 
starts to sharply rise when the EGR rate passes a cer- 
tain limit. In this point, in the past, it was believed that if 
the EGR rate was increased, the smoke would increase 
without limit. Therefore, it was believed that the EGR 
rate at which smoke starts to rise sharply was the max- 
imum allowable limit of the EGR rate. 
[0004] Therefore, in the past, the EGR rate was set 
within a range not exceeding the maximum allowable 
limit. The maximum allowable limit of the EGR rate dif- 
fered considerably according to the type of the engine 
and the fuel, but was from 30 percent to 50 percent or 
so. Accordingly, in conventional diesel engines, the 
EGR rate was suppressed to 30 percent to 50 percent 
at a maximum. 

[0005] Since it was believed in the past that there was 
a maximum allowable limit to the EGR rate, in the past 
the EGR rate had been set within a range not exceeding 
that maximum allowable limit so that the amount of NO x 
and smoke produced would become as small as possi- 
ble. Even if the EGR rate is set in this way so that the 
amount of NO x and smoke produced becomes as small 
as possible, however, there are limits to the reduction of 
the amount of production of NO x and smoke. In practice, 
therefore, a considerable amount of NO x and smoke 
continues being produced. 

[0006] In the process of studying the combustion in 
diesel engines, however, it was discovered that if the 
EGR rate is made larger than the maximum allowable 
limit, the smoke sharply Increases as explained above, 
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but there is a peak to the amount of the smoke produced 
and once this peak is passed, if the EGR rate is made 
further larger, the smoke starts to sharply decrease and 
that if the EGR rate is made at least 70 percent during 
engine idling or If the EGR gas is force cooled and the 
EGR rate is made at least 55 percent or so, the smoke 
will almost completely disappear, that is, almost no soot 
will be produced; Further, it was found that the amount 
of NO x produced at this time was extremely small. Fur- 
ther studies were engaged in later based on this discov- 
ery to determine the reasons why soot was not produced 
and as a result a new system of combustion able to si- 
multaneously reduce the soot and NO x more than ever 
before was constructed. This new system of combustion 
will be explained in detail later, but briefly it is based on 
the idea of stopping the growth of hydrocarbons into 
soot at an intermediate stage before the hydrocarbons 
grow into soot. 

[0007] That is, what was found from repeated exper- 
iments and research was that the growth of hydrocar- 
bons stops at an intermediate stage before becoming 
soot when the temperature of the fuel and the surround- 
ing gas at the time of combustion in the combustion 
chamber is lower than a certain temperature and the hy- 
drocarbons grow to soot ail at once when the tempera- 
ture of the fuel and the surrounding gas becomes higher 
than a certain temperature. In this case, the temperature 
of the fuel and the surrounding gas is greatly affected 
by the heat absorbing action of the gas around the fuel 
at the time of combustion of the fuel. By adjusting the 
amount of heat absorbed by the gas around the fuel in 
accordance with the amount of heat generated at the 
time of combustion of the fuel, it is possible to control 
the temperature of the fuel and the surrounding gas. 
[0008] Therefore, if the temperature of the fuel and 
the surrounding gas at the time of combustion in the 
combustion chamber is suppressed to no more than a 
temperature at which the growth of the hydrocarbons 
stops midway, soot is no longer produced. The temper- 
ature of the fuel and the surrounding gas at the time of 
combustion in the combustion chamber can be sup- 
pressed to no more than a temperature at which the 
growth of the hydrocarbons stops midway by adjusting 
the amount of heat absorbed by the gas around the fuel. 
On the other hand, the hydrocarbons stopped in growth 
midway before becoming soot can be easily removed 
by after-treatment using an oxidation catalyst etc. This 
is the basic thinking behind this new system of combus- 
tion. A patent application for an internal combustion en- 
gine using this new combustion system has already 
been filed by the applicant (Japanese Patent Application 
No. 9-305850). 

[0009] In this new system of combustion, however, 
the EGR rate must be made at least about 55 percent. 
The EGR rate can be made at least about 55 percent 
when the amount of suction air is relatively small. That 
is, this new combustion is not possible when the amount 
of suction air exceeds a certain level. Therefore, when 
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the amount of suction air exceeds a certain level, it is 
necessary to switch to the conventionally performed 
combustion. !n this case, if the EGR race is lowered to 
switch to the conventionally performed combustion, the 
EGR rate will pass the range of the EGR rate where the 5 
.amount of smoke produced peaks, so a large amount 
of smoke will be produced. 

[0010] If the injection timing is delayed until after top 
dead center of the compression stroke under this new 
combustion system, however, since the temperature in 
the combustion chamberfails around when the injection 
is performed, the temperature of the fuel and its sur- 
rounding gas will not rise that much at the time of com- 
bustion. Therefore, at this time, it is found that the peak 
value of the amount of smoke produced becomes small- 
er. Therefore, if the injection timing is delayed until after 
top dead center of the compression stroke when switch- 
ing from this new combustion to the conventionally per- 
formed combustion, it becomes possible to suppress 
the amount of smoke produced at the time of switching. 

SUMMARY OF THE INVENTION 

[001 1 ] An object of the present invention is to provide 
an internal combustion engine capable of suppressing 
the generation of smoke when switching between new 
combustion and the conventionally performed combus- 
tion. 

[0012] According to the present invention, there is 
provided an internal combustion engine in which an 
amount of production of soot gradually increases and 
then peaks when an amount of inert gas in a combustion 
chamber increases and in which a further increase of 
the amount of inert gas in the combustion chamber re- 
sults in a temperature of fuel and surrounding gas in the 
combustion chamber becoming lower than a tempera- 
ture of production of soot and therefore almost no pro- 
duction of soot any longer, the engine comprising 
switching means for selectively switching between afirst 
combustion where the amount of inert gas in the com- 
bustion chamber is higher than the amount of inert gas 
where the amount of production of soot peaks and 
where almost no soot is produced and a second com- 
bustion where the amount of inert gas in the combustion 
chamber is smaller than the amount of inert gas where 
the amount of production of soot peaks, an injection tim- 
ing being delayed to after top dead center of the com- 
bustion stroke when switching between the first com- 
bustion and second combustion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Fig. 1 is an overall view of a compression igni- 
tion type internal combustion engine; Fig. 2 Is a view of 
the amount of generation of smoke and NO x ; Figs. 3A 
and 3B are views of the combustion pressure; Fig. 4 is 
a view of a fuel molecule; Fig. 5 is a view of the relation- 
ship between the amount of generation of smoke and 
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the EG R rate; Fig. 6 is a view of the relationship between 
the amount of injected fuel and the amount of mixed gas; 
Fig. 7 is a view of a first operating region I and a second 
operating region II; Fig. 8 is a view of the relationship 
between the amount of production of smoke and the 
EGR rate; Fig. 9 is a view of the opening degree of a 
throttle valve etc.; Figs. 10A and 10B are views of the 
required load; Fig. 11 is a view of the air-fuel ratio in the 
first operating region I; Figs. 12A and 12B are views of 
maps of the amount of injection etc.; Figs. 13A and 13B 
are views of maps of the target opening degree of the 
throttle valve etc.; Fig. 14 is a view of the air-fuel ratio 
in second combustion; Figs. 15A and 15B are views of 
maps of the amount of injection etc.; Figs. 1 6A and 1 6B 
are views of maps of the target opening degree of the 
throttle valve etc.; Fig. 17 is a flow chart of the control 
of the operation of the engine; Fig. 18 is a view of the 
opening degree of the throttle valve etc.; Fig. 19 is a 
view of the air-fuel ratio in the first operating region I; 
Fig. 20 is a view of a map of the amount of injection; 
Figs. 21 A and 21 B are views for explaining the action of 
absorption and release of NO x ; Figs. 22A and 22B are 
views of maps of the amount of NO x absorption per unit 
time; Fig. 23 is a flow chart of the processing of the NO x 
release flag; and Fig. 24 is a flow chart of the control of 
the operation of the engine. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[001 4] Figure 1 is a view of the case of application of 
the present invention to a four-stroke compression igni- 
tion type internal combustion engine. 
[0015] Referring to Fig. 1 , 1 shows an engine body, 2 
a cylinder block, 3 a cylinder head, 4 a piston, 5 a com- 
bustion chamber, 6 an electrically controlled fuel injec- 
tor, 7 an intake valve, 8 an intake port, 9 an exhaust 
valve, and 1 0 an exhaust port. The intake port 8 is con- 
nected through a corresponding intake tube 11 to the 
surge tank 12. The surge tank 1 2 is connected through 
an intake duct 13 and intercooler 14 to a supercharger, 
for example, the exit part of a compressor 16 of an ex- 
haust turbocharger 15. The entrance part of the com- 
pressor 1 6 is connected through an air intake pipe 1 7 to 
an air cleaner 18. A throttle valve 20 driven by a step 
motor 19 is arranged in the air intake pipe 17. 
[0016] On the other hand, the exhaust port 10 is con- 
nected through an exhaust manifold 21 and exhaust 
tube 22 to the entrance part of an exhaust turbine 23 of 
the exhaust turbocharger 15. The exit part of the ex- 
haust turbine 23 is connected through an exhaust pipe 
24 to a catalytic converter 26 housing an NO x absorbent 
25. 

[0017] The exhaust pipe 28 connected to the exit part 
of the catalytic converter 26 and the air intake pipe 17 
downstream of the throttle valve 20 are connected to 
each other through an EGR passage 29. In the EGR 
passage 29 is arranged an EGR control valve 31 driven 
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by a step motor 30. Further, in the EGR passage 29 is 
arranged an intercooler 32 for cooling the EGR gas flow- 
ing through the EGR passage 29. In the embodiment 
shown in Fig. 1 , the engine cooling water is led into the 
intercooler 32 and that engine cooling water used to cool 5 
the EGR gas. 

[0018] On the other hand, each fuel injector 6 is con- 
nected through a fuel supply line 33 to a fuel reservoir, 
that is, a common rail 34. Fuel is supplied to the common 
rail 34 from an electrically controlled variable discharge 
fuel pump 35. Fuel supplied in the common rail 35 is 
supplied through the fuel supply lines 33 to the fuel in- 
jectors 6. A fuel pressure sensor 36 for detecting the fuel 
pressure in the common rail 34 is attached to the com- 
mon rail 34. The amount of discharge of the fuel pump 
35 is controlled based on the output signal of the fuel 
pressure sensor 36 so that the fuel pressure in the com- 
mon rail 34 becomes the target fuel pressure. 
[0019] The electronic control unit 40 Is comprised of 
a digital computer and is provided with a ROM (read only 
memory) 42, a RAM (random access memory) 43, a 
CPU (microprocessor) 44, an input port 45, and an out- 
put port 46 connected with each other by a bidirectional 
bus 41 . The output signal of the fuel pressure sensor 36 
is input through a corresponding AD converter 47 to the 
input port 45. The accelerator pedal 50 has connected 
to It a load sensor 51 for generating an output voltage 
proportional to the amount of depression L of the accel- 
erator pedal 50. The output voltage of the load sensor 
51 is input through a corresponding AD converter 47 to 
the input port 45. Further, the input port 45 has connect- 
ed to it a crank angle sensor 52 for generating an output 
pulse each time the crankshaft rotates by for example 
30°. On the other hand, the output port 46 has connect- 
ed to it through a corresponding drive circuit 48 the fuel 
injectors 6, throttle valve control step motor 19, EGR 
control valve control step motor 30, and fuel pump 35. 
[0020] Figure 2 shows an example of an experiment 
showing the changes in the output torque when chang- 
ing the airfuel ratio A/F (abscissa in Fig. 2) by changing 
the opening degree of the throttle valve 20 and the EGR 
rate at the time of engine low load operation and the 
changes in the amount of emission of smoke, HC, CO, 
and NO x . As will be understood from Fig. 2, in this ex- 
periment, the EGR rate becomes larger the smaller the 
airfuel ratio A/F. When below the stoichiometric airfuel 
ratio (= 14.6), the EGR rate becomes over 65 percent. 
[0021] As shown in Fig. 2, if increasing the EGR rate 
to reduce the air fuel ratio A/F, when the EGR rate be- 
comes close to 40 percent and the airfuel ratio A/F be- 
comes 30 or so, the amount of smoke produced starts 
to increase. Next, when the EGR rate is further raised 
and the air fuel ratio A/F is made smaller, the amount of 
smoke produced sharply increases and peaks. Next, 
when the EGR rate is further raised and the air-fuel ratio 
A/F is made smaller, the smoke sharply falls. When the 
EGR rate is made over 65 percent and the air fuel ratio 
A/F becomes close to 15.0, the smoke produced be- 



comes substantially zero. That is, almost no soot is pro- 
duced any longer. At this time, the output torque of the 
engine fails somewhat and the amount of NO x produced 
becomes considerably lower. On the other hand, at this 
time, the amounts of HC and CO produced start to in- 
crease. 

[0022] Figure 3A shows the changes in compression 
pressure in the combustion chamber 5 near an air fuel 
ratio A/F of 21 when the amount of smoke produced is 
the greatest. Figure 3B shows the changes in compres- 
sion pressure in the combustion chambers near an air 
fuel ratio A/F of 1 8 when the amount of smoke produced 
Is substantially zero. As will be understood from a com- 
parison of Fig. 3A and Fig. 3B, the combustion pressure 
is lower in the case shown in Fig. 3B where the amount 
of smoke produced is substantially zero than the case 
shown in Fig. 3A where the amount of smoke produced 
is large. 

[0023] The following may be said from the results of 
the experiment shown In Fig. 2 and Figs. 3A and 3B. 
That is, first, when the airfuel ratio A/F is less than 15.0 
and the amount of smoke produced is substantially zero, 
the amount of NO x produced falls considerably as 
shown In Fig. 2. The fact that the amount of NO x pro- 
duced, fails means that the combustion temperature in 
the combustion chamber 5 fails. Therefore, it can be 
said that when almost no soot is produced, the comb us- 
tion temperature in the combustion chambers becomes 
low. The same thing may be said from Fig, 3. That is, in 
the state shown in Fig. 3B where almost no soot is pro- 
duced, the combustion pressure becomes low, there- 
fore the combustion temperature in the combustion 
chamber 5 becomes low at this time. 
[0024] Second, when the amount of smoke produced, 
that is, the amount of soot produced, becomes substan- 
tially zero, as shown in Fig. 2, the amounts of emission 
of HC and CO increase. This means that the hydrocar- 
bons are exhausted without growing into soot. That is, 
the linear hydrocarbons and aromatic hydrocarbons 
contained in the fuel and shown in Fig. 4 decompose 
when raised in temperature in an oxygen poor state re- 
sulting in the formation of a precursor of soot. Next, soot 
mainly comprised of solid masses of carbon atoms is 
produced. In this case, the process of production of soot 
is complicated. How the precursor of soot is formed is 
not clear, but whatever the case, the hydrocarbons 
shown in Fig. 4 grow to soot through the soot precursor. 
Therefore, as explained above, when the amount of pro- 
duction of soot becomes substantially zero, the amount 
of exhaust of HC and CO Increases as shown in Fig. 2, 
but the HC at this time is a soot precursor or a state of 
hydrocarbons before that. 

[0025] Summarizing these considerations based on 
the results of the experiments shown in Fig. 2 and Figs. 
3A and 3B, when the combustion temperature in the 
combustion chamber 5 is low, the amount of soot pro- 
duced becomes substantially zero. At this time, a soot 
precursor or a state of hydrocarbons before that is ex- 
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hausted from the combustion chamber 5. More detailed 
experiments and studies were conducted on this. As a 
result, it was learned that when the temperature of the 
fuel and the surrounding gas in the combustion chamber 
5 is beiow a certain temperature, the process of growth 5 
of soot stops midway, that is, no soot at ail is produced 
and that when the temperature of the fuel and Its sur- 
roundings in the combustion chamber 5 becomes higher 
than a certain temperature, soot is produced. 
[0026] The temperature of the fuei and its surround- 
ings when the process of production of hydrocarbons 
stops in the state of the soot precursor, that is, the above 
certain temperature, changes depending on various fac- 
tors such as the type of the fuel, the air fuel ratio, and 
the compression ratio, so it cannot be said what degree 
it is, but this certain temperature is deeply related with 
the amount of production of NO x . Therefore, this certain 
temperature can be defined to a certain degree from the 
amount of production of NO x . That is, the greater the 
EGR rate, the lower the temperature of the fuel and the 
gas surrounding It at the time of combustion and the low- 
er the amount of NO x produced. At this time, when the 
amount of NO x produced becomes around 10 ppm or 
less, almost no soot is produced any more. Therefore, 
the above certain temperature substantially matches 
the temperature when the amount of NO x produced be- 
comes 1 0 ppm or less. 

[0027] Once soot is produced, it is impossible to re- 
move it by after-treatment using a catalyst having an ox- 
idation function. As opposed to this, a soot precursor or 
a state of hydrocarbons before this can be easily re- 
moved by after-treatment using a catalyst having an ox- 
idation function. Considering after-treatment by a cata- 
lyst having an oxidation function, there is an extremely 
great difference between whether the hydrocarbons are 
exhausted from the combustion chamber 5 in the form 
of a soot precursor or a state before that or exhausted 
from the combustion chamber 5 in the form of soot. The 
new combustion system used in the present invention 
is based on the idea of exhausting the hydrocarbons 
from the combustion chamber 5 in the form of a soot 
precursor or a state before that with out allowing the pro- 
duction of soot in the combustion chamber 5 and caus- 
ing the hydrocarbons to oxidize by a catalyst having an 
oxidation function. 

[0028] Now, to stop the growth of hydrocarbons in the 
state before the production of soot, it is necessary to 
suppress the temperature of the fuel and the gas around 
it at the time of combustion in the combustion chamber 
5 to a temperature lower than the temperature where 
soot is produced. In this case, it was learned that the 
heat absorbing action of the gas around the fuel at the 
time of combustion of the fuel has an extremely great 
effect In suppression of the temperature of the fuei and 
the gas around it. 

[0029] That is, if there is only air around the fuel, the 
vaporized fuel will immediately react with the oxygen in 
the air and burn. In this case, the temperature of the air 



away from the fuel does not rise that much. Only the 
temperature around the fuel becomes locally extremely 
high. That is, at this time, the air away from the fuel does 
not absorb the heat of combustion of the fuel much at 
ail. In this case, since the combustion temperature be- 
comes extremely high locally, the unburned hydrocar- 
bons receiving the heat of combustion produce soot. 
[0030] On the other hand, when there is fuel in a 
mixed gas of a large amount of inert gas and a small 
amount of air, the situation is somewhat different. In this 
case, the evaporated fuel disperses in the surroundings 
and reacts with the oxygen mixed in the inert gas to burn, 
in this case, the heat of combustion is absorbed by the 
surrounding inert gas, so the combustion temperature 
no longer rises that much. That is, it becomes possible 
to keep the combustion temperature low. That is, the 
presence of inert gas plays an important role in the sup- 
pression of the combustion temperature. It is possible 
to keep the combustion temperature low by the heat ab- 
sorbing action of the inert gas. 
[0031 ] In this case, to suppress the temperature of the 
fuel and the gas around it to a temperature lower than 
the temperature at which soot is produced, an amount 
of inert gas enough to absorb an amount of heat suffi- 
cient for lowering the temperature is required. There- 
fore, if the amount of fuel increases, the amount of inert 
gas required increases along with the same. Note that 
in this case, the larger the specific heat of the inert gas, 
the stronger the heat absorbing action. Therefore, the 
inert gas is preferably a gas with a large specific heat. 
In this regard, since C0 2 and EGR gas have relatively 
large specific heats, it may be said to be preferable to 
use EGR gas as the inert gas. 
[0032] Figure 5 shows the relationship between the 
EGR rate and smoke when using EGR gas as the inert 
gas, making the injection timing before top dead center 
of the compression stroke, and changing the degree of 
cooling of the EGR gas. That is, the curve A in Fig. 5 
shows the case of force cooling the EGR gas and main- 
taining the temperature of the EGR gas at about 90°C, 
curve B shows the case of cooling the EGR gas by a 
compact cooling apparatus, and curve C shows the 
case of not force cooling the EGR gas. 
[0033] When force cooling the EGR gas as shown by 
the curve A in Fig. 5, the amount of soot produced peaks 
when the EGR rate is a little under 50 percent. In this 
case, if the EGR rate is made about 55 percent or higher, 
almost no soot Is produced any longer. 
[0034] On the other hand, when the EGR gas is slight- 
ly cooled as shown by curve B in Fig. 5, the amount of 
soot produced peaks when the EGR rate is slightly high- 
er than 50 percent, in this case, If the EGR rate is made 
above about 65 percent, almost no soot is produced any 
longer. 

[0035] Further, when the EGR gas is not force cooled 
as shown by curve C in Fig. 5, the amount of soot pro- 
duced peaks near an EGR rate near 55 percent. In this 
case, if the EGR rate is made over about 70 percent, 
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almost no soot is produced any longer. 
[0036] Note that Fig. 5 shows the amount of smoke 
produced when the engine load is relatively high. When 
the engine load becomes small, the EGR rate at which 
the amount of soot produced peaks falls somewhat and 5 
the lower limit of the EGR rate at which almost no soot 
is produced any longer falls somewhat. In this way, the 
lower limit of the EGR rate at which almost no soot is 
produced any longer changes in accordance with the 
degree of cooling of the EGR gas or the engine load. 
[0037J Figure 6 shows the amount of mixed gas of 
EGR gas and air, the ratio of air in the mixed gas, and 
the ratio of EGR gas in the mixed gas required for mak- 
ing the temperature of the fuel and the gas around it at 
the time of combustion a temperature lower than the 
temperature at which soot is produced in the case of use 
of EGR gas as an inert gas. Note that in Fig. 6, the or- 
dinate shows the total amount of suction gas taken into 
the combustion chamber5. The broken line Y shows the 
total amount of suction gas able to be taken into the 
combustion chambers when supercharging is not being 
performed. Further, the abscissa shows the required 
load. 

[0038] Referring to Fig. 6, the ratio of air, that is, the 
amount of air in the mixed gas, shows the amount of air 
necessary for causing the injected fuel to completely 
burn. That is, in the case shown in Fig. 6, the ratio of the 
amount of air and the amount of injected fuel becomes 
the stoichiometric air fuel ratio. On the other hand, in 
Fig. 6, the ratio of EGR gas, that is, the amount of EGR 
gas in the mixed gas, shows the minimum amount of 
EGR gas required for making the temperature of the fuel 
and the gas around it a temperature iowerthan the tem- 
perature at which soot is produced. This amount of EGR 
gas is, expressed in terms of the EGR rate, at least 55 
percent - in the embodiment shown in Fig. 6, at least 70 
percent. That is, if the total amount of suction gas taken 
into the combustion chamber 5 is made the solid line X 
in Fig. 6 and the ratio between the amount of air and 
amount of EGR gas in the total amount of suction gas 
X is made the ratio shown in Fig. 6, the temperature of 
the fuel and the gas around it becomes a temperature 
lower than the temperature at which soot is produced 
and therefore no soot at all is produced any longer. Fur- 
ther, the amount of NO x produced at this time is around 
1 0 ppm or less and therefore the amount of NO x pro- 
duced becomes extremely smali. 
[0039] If the amount of fuel injected Increases, the 
amount of heat generated at the time of combustion in- 
creases, so to maintain the temperature of the fuel and 
the gas around it at a temperature lower than the tem- 
perature at which soot is produced, the amount of heat 
absorbed by the EGR gas must be increased. There- 
fore, as shown in Fig. 6, the amount of EGR gas has to 
be increased the greater the amount of Injected fuel. 
That is, the amount of EGR gas has to be increased as 
the required load becomes higher. 
[0040] When supercharging is not performed, howev- 
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er, the upper limit of the total amount X of suction gas 
sucked into the combustion chamber 5 is Y. Therefore, 
in the region where the required load is larger than Lq 
in Fig. 6, it is not possible to maintain the air-fuel ratio 
at the stoichiometric air-fuel ratio so long as the ratio of 
the EGR gas is not reduced along with the increase of 
the required load. In other words, when supercharging 
is not being performed, when trying to maintain the air- 
fuel ratio at the stoichiometric air-fuel ratio at the region 
where the required load Is larger than Lq, the EGR rate 
falls along with the increase of the required load, there- 
fore in the region where the required load is larger than 
Lq, the temperature of the fuel and its surrounding gas 
can no longer be maintained at a temperature Iowerthan 
the temperature where soot is produced. 
[0041] However, as shown in Fig. 1 , if EGR gas is re- 
circulated at the entrance side of the supercharger 
through the EGR passage 29, that is, in the air intake 
pipe 1 7 of the exhaust turbocharger 1 5, it is possible to 
maintain the EGR rate at over 55 percent, for example, 
at 70 percent, in the region where the required load is 
larger than Lq and therefore It is possible to maintain the 
temperature of the fuel and its surrounding gas at a tem- 
perature Iowerthan the temperature where soot is pro- 
duced. That is, if EGR gas is recirculated so that the 
EGR rate in the air intake pipe 1 7 becomes for example 
70 percent, the EGR rate of the suction gas raised in 
pressure by the compressor 16 of the exhaust turbo- 
charger 15 also becomes 70 percent and therefore it is 
possible to maintain the temperature of the fuel and its 
surrounding gas at a temperature lower than the tem- 
perature where soot is produced up to the limit to which 
the pressure can be raised by the compressor 16. 
Therefore, it becomes possible to enlarge the operating 
region of the engine where low temperature combustion 
can be performed. 

[0042] Note that in this case, when making the EGR 
rate more than 55 percent in the region where the re- 
quired load is larger than L 0 , the EGR control valve 31 
is fully opened and the throttle valve 20 is closed some- 
what. 

[0043] As explained above, Fig. 6 shows the case of 
combustion of fuel at the stoichiometric air fuel ratio. 
Even if the amount of air is made smaller than the 
amount of air shown in Fig. 6, however, that is, even if 
the air fuel ratio is made rich, it is possible to obstruct 
the production of soot and make the amount of NO x pro- 
duced around 10 ppm or less. Further, even if the 
amount of air is made greater than the amount of air 
shown in Fig. 6, that is, the mean value of the air fuel 
ratio is made a lean 17 to 18, it is possible to obstruct 
the production of soot and make the amount of NO x pro- 
duced around 1 0 ppm or less. 
[0044] That is, when the airfuel ratio is made rich, the 
fuel becomes in excess, but since the combustion tem- 
perature is suppressed to a low temperature, the excess 
fuel does not grow into soot and therefore soot is not 
produced. Further, at this time, only an extremely small 
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amount of NO x is produced. On the other hand, when 
the mean air fuel ratio is lean or when the air fuel ratio 
is the stoichiomeiric air fuel ratio, a small amount of soot 
is produced if the combustion temperature becomes 
higher, but in the present invention, since the combus- 
tion temperature is suppressed to a low temperature, no 
soot at all is produced. Further, only an extremely small 
amount of NO x is produced. 

[0045] In this way, when low temperature combustion 
is being performed, regardless of the air fuel ratio, that 
is, whether the air fuel ratio is rich or the stoichiometric 
air fuel ratio or the mean air fuel ratio is lean, no soot is 
produced and the amount of NO x produced becomes 
extremely small. Therefore, considering the improve- 
ment of the fuel consumption rate, it may be said to be 
preferable to make the mean air fuel ratio lean. 
[0046] Note that the temperature of the fuel and its 
surrounding gas at the time of combustion in the com- 
bustion chamber can only be suppressed to not more 
than a temperature where the growth of hydrocarbons 
stops midway during engine medium or low load oper- 
ation where the amount of heat generated by the com- 
bustion is relatively small. Therefore, in this embodiment 
of the present invention, at the time of medium or low 
load operation of the engine, the temperature of the fuel 
and its surrounding gas at the time of combustion is sup- 
pressed to not more than a temperature at which the 
growth of the hydrocarbons stops midway and first com- 
bustion, that is, low temperature combustion, is per- 
formed, while at the time of high load operation of the 
engine, second combustion, that is, the conventionally 
performed combustion, is performed. Note that the first 
combustion, that is, the low temperature combustion, as 
clear from the explanation up to here, means combus- 
tion where the amount of inert gas in the combustion 
chamber is larger than the amount of inert gas where 
the amount of production of the soot peaks and where 
almost no soot is produced, while the second combus- 
tion, that is, the conventionally normally performed com- 
bustion, means combustion where the amount of inert 
gas in the combustion chamber is smaller than the 
amount of inert gas where the amount of production of 
soot peaks. 

[0047] Figure 7 shows a first operating region I where 
the first combustion, that is, the low temperature com- 
bustion, is performed and a second operating region II 
where the second combustion, that is, the combustion 
by the conventional combustion method, is performed. 
Note that in Fig. 7, the ordinate TQ shows the required 
torque and the abscissa N shows the engine rotational 
speed N. Further, in Fig. 7, X(N) shows a first boundary 
between the first operating region I and the second op- 
erating region II, and Y(N) shows a second boundary 
between the first operating region I and the second op- 
erating region II, The change of operating regions from 
the first operating region I to the second operating region 
II is Judged based on the first boundary X(N), while the 
change of operating regions from the second operating 



region II to the first operating region I is judged based 
on the second boundary Y(N). 
[0048] That is, when the engine operating state is in 
the first operating region I where the low temperature 

5 combustion is being performed, if the required torque 
TQ exceeds the first boundary X(N), which is a function 
of the engine rotational speed N, it is judged that the 
operating region has shifted to the second operating re- 
gion II and combustion by the conventional combustion 

10 method is performed. Next, when the required torque 
TQ becomes lower than the second boundary Y(N), 
which is a function of the engine rotational speed N, it 
is judged that the operating region has shifted to the f I rst 
operating region I and the low temperature combustion 

15 is again performed. 

[0049] Two boundaries were provided, that is, the first 
boundary X(N) and the second boundary Y(N) at the 
lower load side of the first boundary X(N) , in this way for 
the following two reasons. The first reason is that at the 

20 high torque side of the second operating region II, the 
combustion temperature Is relatively high and at this 
time, even if the required torque TQ becomes lower than 
the first boundary X(N), low temperature combustion 
cannot be performed immediately. That is, low temper- 
as ature combustion cannot be started immediately unless 
the required torque TQ is considerably low, that is, lower 
than the second boundary Y(N). The second reason is 
to provide hysteresis with respect to the change in op- 
erating regions between the first operating region I and 

so the second operating region II. 

[0050] On the other hand, in the region RR shown by 
hatching in Fig. 7, that is in the region RR in the first 
operating region I where the load is the highest, the air- 
fuel ratio is made lean or the stoichiometric air-fuel ratio 

35 and the injection timing is delayed until after top dead 
center of the compression stroke. When the engine op- 
erating state shifts from the first operating region I to the 
second operating region II, the region RR is always 
passed through. This region RR is also always passed 

40 through when the engine operating state shifts from the 
second operating state II to the first operating state I. 
[0051] When the required torque TQ becomes high, 
however, that is, when the amount of injection is in- 
creased, if fuel is injected before top dead center of the 

45 compression stroke, the amount of heat generated will 
increase, so the temperature of the fuel and its sur- 
rounding gas at the time of combustion will become 
higher. As a result, smoke will be generated. 
[0052] On the other hand, If top dead center of the 

50 compression stroke is passed without injecting fuel, the 
pressure in thecombustion chambers will gradually fall 
and the temperature in the combustion chamber 5 will 
gradually drop as well. Therefore, if injecting fuel after 
top dead center of the compression stroke, even If the 

55 amount of injection Is large, the temperature of the fuel 
and its surrounding gas at the time of combustion be- 
comes considerably low and as a result, as shown by D 
in Fig. 8, the peak value of the amount of smoke pro- 
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duced will become lower and the range of EGR where 
smoke Is produced will become narrower. Note that in 
Fig. 8, the curve B shows a curve the same as the curve 
shown in Fig. 5. 

[0053] Therefore, if the injection timing is delayed until 5 
after top dead center of the compression stroke in the 
region RR of Fig. 7, it becomes possible to suppress the 
generation of smoke when switching between the first 
combustion and second combustion. Further, in this 
case, even if the EGR rate is made not more than 55 
percent, it is possible to suppress the generation of 
smoke. 

[0054] When the engine operating state is the first op- 
erating region i and low temperature combustion is be- 
ing performed, however, almost no smoke is produced. 
Instead, the unburned hydrocarbons are exhausted 
from the combustion chamber 5 in the form of soot pre- 
cursors or a state before that. At this time, the unburned 
hydrocarbons exhausted from the combustion chamber 
5 can be oxidized well by a catalyst 25 having an oxida- 
tion function. 

[0055] As the catalyst 25, an oxidation catalyst, three- 
way catalyst, or NO x absorbent may be used. An NO x 
absorbent has the function of absorbing NO x when the 
mean air-fuel ratio in the combustion chamber 5 is lean, 
while releasing NO x when the mean air-fuel ratio in the 
combustion chamber 5 becomes rich. 
[0056] The NO x absorbent is for example comprised 
of alumina as a carrier and, on the carrier, for example, 
at least one of potassium K, sodium Na, lithium Li, ce- 
sium Cs, and other alkali metals, barium Ba, calcium Ca, 
and other alkali earths, lanthanum La, yttrium Y, and oth- 
er rare earths plus platinum Pt or another precious met- 
al. 

[0057] An oxidation catalyst, of course, and also a 
three-way catalyst and an NO x absorbent have an oxi- 
dation function. Therefore, as explained above, it is pos- 
sible to use a three-way catalyst and NO x absorbent as 
the catalyst 25, 

[0058] Next, an explanation will be made of control of 
the operation in the first operating region I and the sec- 
ond operating region II referring to Fig. 9. 
[0059] Figure 9 shows the opening degree of the 
throttle valve 20, the opening degree of the EGR control 
valve 31, the EGR rate, the air-fuel ratio, the injection 
timing, and the amount of injection with respect to the 
required torque TQ. As shown in Fig. 9, in the first op- 
erating region I with the low required torque TQ, the 
opening degree of the throttle valve 20 is gradually in- 
creased from the fully closed state to the 2/3 opened 
state as the required torque TQ becomes higher, while 
the opening degree of the EGR control valve 31 is grad- 
ually increased from close to the fully closed state to the 
fully opened state as the required torque TQ becomes 
higher. Further, in the example shown in Fig. 9, In the 
first operating region I other than the region RR, the 
EGR rate is made at least about 55 percent and the air- 
fuel ratio is made a slightly lean lean air-fuel ratio. 



[0060] In other words, in the first operating region I 
other than the region RR, the opening degree of the 
throttle valve 20 and the opening degree of the EGR 
control valve 31 are controlled so that the EGR rate be- 
comes at least about 55 percent and the air-fuel ratio 
becomes a slightly lean lean air-fuel ratio. Further, in the 
first operating region I other than the region RR, the fuel 
Is injected before top dead center TDC of the compres- 
sion stroke. In this case, the injection start timing 9S be- 
comes later the higher the required torque TQ. The in- 
jection end timing 9E also becomes later the later the 
injection start timing 0S. 

[0061] Note that during idling operation, the throttle 
valve 20 is made to close to close to the fully closed 
state. Atthis time, the EGR control valve 31 is also made 
to close to close to the fully closed state. If the throttle 
valve 20 is closed to close to the fully closed state, the 
pressure in the combustion chamber 5 at the start of 
compression will become low, so the compression pres- 
sure will become small. If the compression pressure be- 
comes small, the amount of compression work by the 
pistons 4 becomes small, so the vibration of the engine 
body 1 becomes smaller. That is, during idling operation, 
the throttle valve 20 can be closed to close to the fully 
closed state to suppress vibration in the engine body 1 . 
[0062] In the region RR, the injection start timing OS 
is delayed more the larger the required torque TQ. In 
the high required torque side of the region RR, the in- 
jection start timing OS becomes after top dead center. 
Further, in the region RR, the air-fuel ratio is gradually 
made smaller from the lean air-fuel ratio to the stoichi- 
ometric air-fuel ratio as the required torque TQ becomes 
larger, whilethe EGR rate is made lower as the required 
torque TQ becomes larger. Further, in this region RR, to 
make the air-fuel ratio smaller as the required torque TQ 
becomes larger, the amount of injection can be in- 
creased. 

[0063] On the other hand, if the engine operating state 
changes from the first operating region I to the second 
operating region II, the opening degree of the throttle 
valve 20 is increased in a step-like manner from the 2/3 
opened state to the fully opened state. At this time, in 
the example shown in Fig. 9, the EGR rate is reduced 
in a step-like manner from about 40 percent to less than 
20 percent and the air-fuel ratio is increased in a step- 
like manner. 

[0064] In the second operating region II, the second 
combustion, that is, the conventionally performed com- 
bustion, is performed. In the second operating region II, 
the throttle valve 20 is held in the fully opened state ex- 
cept for a certain part and the opening degree of the 
EGR control valve 31 is gradually made smaller then 
higher the required torque TQ. Therefore, in the operat- 
ing region II, the EGR rate becomes lower the higher 
the required torque TQ and the air-fuel ratio becomes 
smaller then higher the required torque. Even if the re- 
quired torque TQ becomes high, however, the air-fuel 
ratio is made a lean air-fuel ratio. Further, in the second 
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operating region II, the injection start timing 6S is made 
before top dead center TDC of the compression stroke. 
[0065] Figure 1 0A shows the relationship between the 
required torque TQ, the amount of depression L of the 
accelerator pedal 50, and the engine rotational speed 5 
N. Note that in Fig. 10A, the curves show equivalent 
torque curves. The curve shown by TQ=0 shows that 
the torque is zero, while the remaining curves have 
gradually higher required torques in the order of TQ=a, 
TQ=b, TQ=c, and TQ=d. The required torques TQ 
shown in Fig. 10A are stored in the ROM 42 in advance 
in the form of a map as a function of the amount of de- 
pression L of the accelerator pedal 50 and the engine 
rotational speed N as shown in Fig. 10B. In the present 
invention, the required torque TQ is first calculated in 
accordance with the amount of depression L of the ac- 
celerator pedal 50 and the engine rotational speed N 
from the map shown in Fig. 1 0B and then the amount of 
fuel injection etc. are calculated based on the required 
torque TQ. 

[0066] Figure 1 1 shows the air-fuel ratio A/F in the first 
operating region I. In Fig. 11, the curves shown by A/ 
F=14.6, A/F=15, A/F=16, A/F=18, and A/F=20 show 
when the air-fuel ratio is 14.6 (stoichiometric air-fuel ra- 
tio), 15, 16, 18, and 20, respectively. The air-fuel ratios 
between the curves are determined by proportional dis- 
tribution. As shown in Fig, 11, in the first operating region 
I other than the region RR, the air-fuel ratio becomes 
lean. Further, in the first operating region I, the air-fuel 
ratio A/F is made lean the lower the required torque TQ 
becomes. 

[0067] That is, the lower the required torque TQ be- 
comes, the smaller the amount of heat generated by the 
combustion. Therefore, even if reducing the EGR rate 
the lowerthe required torque TQ becomes, low temper- 
ature combustion becomes possible. If the EGR rate is 
reduced, the air-fuel ratio becomes larger and therefore, 
as shown in Fig. 11 , the air-fuel ratio A/F is made larger 
the lowerthe required torque TQ. The larger the air-fuel 
ratio A/F becomes, the more the fuel consumption effi- 
ciency is improved. Therefore, to make the air-fuel ratio 
as lean as possible, in this embodiment of the present 
invention, the air-fuel ratio A/F is made larger the lower 
the required torque TQ becomes. 
[0068] Figure 12A shows the amount of injection Q in 
the first operating region, while Fig. 12B shows the in- 
jection start timing GS in the first operating region I. The 
amount of injection Q in the first operating region I is 
stored in advance in the ROM 42 in the form of a map 
as a function of the required torque TQ and the engine 
rotational speed N as shown in Fig. 12A. The injection 
start timing 0S in the first operating region I is stored in 
advance in the ROM 42 as a function of the required 
torque TQ and the engine rotational speed N as shown 
in Fig. 12B. 

[0069] Further, the target opening degree ST of the 
throttle valve 20 required for making the air-fuel ratio the 
target air-fuel ratio shown in Fig. 1 1 is stored in advance 



in the ROM 42 in the form of a map as a function of the 
required torque TQ and the engine rotational speed N 
as shown in Fig. 13A, while the target opening degree 
SE of the EGR control valve 31 required for making the 
air-fuel ratio the target air-fuel ratio shown in Fig. 11 is 
stored in advance in the ROM 42 in the form of a map 
as a function of the required torque TQ and the engine 
rotational speed N as shown in Fig. 13B. 
[0070] Figure 14 shows the target air-fuel ratio when 
second combustion, that is, ordinary combustion by the 
conventional method of combustion, is performed. Note 
than in Fig. 14, the curves shown by A/F=24, A/F=35, 
A/F=45, and A/F=60 show the target air-fuel ratios 24, 
35, 45, and 60. 

[0071] Figure 15A shows the amount of injection Q in 
the second operating region II, while Fig. 1 5B shows the 
injection start timing 6S in the second operating region 
II. The amount of injection Q in the second operating 
region II is stored in advance in the ROM 42 in the form 
of a map as a function of the required torque TQ and the 
engine rotational speed N as shown in Fig. 15A, while 
the injection start timing 6S in the second operating re- 
gion II is stored in advance in the ROM 42 in the form 
of a map as a function of the required torque TQ and the 
engine rotational speed N as shown in Fig. 15B. 
[0072] Further, the target opening degree ST of the 
throttle valve 20 required for making the air-fuel ratio the 
target air-fuel ratio shown in Fig. 14 is stored in advance 
in the ROM 42 in the form of a map as a function of the 
required torque TQ and the engine rotational speed N 
as shown in Fig. 16A, while the target opening degree 
SE of the EGR control valve 31 required for making the 
air-fuel ratio the target air-fuel ratio shown in Fig. 1 4 is 
stored in advance in the ROM 42 in the form of a map 
as a function of the required torque TQ and the engine 
rotational speed N as shown in Fig. 1 6B. 
[0073] Next, an explanation will be made of the control 
of the operation with reference to Fig. 17. 
[0074] Referring to Fig. 17, first, at step 100, it is 
judged if a flag I showing that the engine operating re- 
gion is the first operating region I is set or not. When the 
flag I is set, that is, when the engine operating region is 
the first operating region I, the routine proceeds to step 
101 , where it is determined if the required torque TQ has 
become larger than the first boundary X1(N). when 
TQ£X1 (N), the routine proceeds to step 1 03, where low 
temperature combustion is performed. 
[0075] That is, at step 1 03, the required torque TQ is 
calculated from the map shown in Fig. 10A. Next, at step 
104, the target opening degree ST of the throttle valve 
20 is calculated from the map shown in Fig. 1 3A and the 
opening degree of the throttle valve 20 is made this tar- 
get opening degree ST. Next, at step 105, the target 
opening degree SE of the EGR control valve 31 is cal- 
culated from the map shown In Fig. 1 3B and the opening 
degree of the EGR control valve 31 is made this target 
opening degree SE. Next, at step 106, the amount of 
injection Q is calculated from the map shown in Fig. 1 2A. 
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Next, at step 107, the injection start timing 0S is calcu- 
lated from the map shown in Fig. 12B. 
[0076] On the other hand, when it is determined at 
step 101 that TQ>X1(N), the routine proceeds to step 
1 02, where the flag I is reset, then the routine proceeds s 
to step 110, where the second combustion is performed. 
[0077] That is, at step 110, the required torque TQ Is 
calculated from the map shown in Fig. 1 0B. Next, at step 
111 , the target opening degree ST of the throttle valve 
20 is calculated from the map shown in Fig. 1 6A and the 
opening degree of the throttle valve 20 is made this tar- 
get opening degree ST Next, at step 112, the target 
opening degree SE of the EGR control valve 31 is cal- 
culated from the map shown in Fig. 1 6B and the opening 
degree of the EGR control valve 31 is made this target 
opening degree SE. Next, at step 113, the amount of 
injection Q is calculated from the map shown in Fig. 1 5A. 
Next, at step 114, the injection start timing 6S is calcu- 
lated from the map shown in Fig. 15B. 
[0078] When the flag I is reset, at the next processing 
cycle, the routine proceeds from step 100 to step 108, 
where it is determined if the required torque TQ has be- 
come lower than the second boundary Y(N). When 
TQ>Y(N), the routine proceeds to step 110, where the 
second combustion is performed. On the other hand, 
when it is determined at step 1 08 that TQ<Y(N), the rou- 
tine proceeds to step 109, where the flag I is set, then 
the routine proceeds to step 103, where low tempera- 
ture combustion is performed. 
[0079] Next, an explanation will be given of a second 
embodiment with reference to Fig. 18 to Fig. 20. 
[0080] As shown in Fig. 18, in this embodiment as 
well, in the region RR, the largerthe required torque TQ, 
the more delayed the injection start timing 8S. At the 
high required torque side of the region RR, the injection 
start timing 6S becomes after top dead center. Further, 
in this embodiment as well, in the region RR, the EGR 
rate is made lower the larger the required torque TQ by 
increasing the amount of injection. In this embodiment, 
however, in the region RR, the air-fuel ratio is made 
gradually smaller from the lean air-fuel ratio to the rich 
air-fuel ratio as the required torque TQ becomes larger. 
Therefore, the rate of increase of the amount of injection 
in the region RR is made larger in the case of the second 
embodiment shown in Fig. 18 compared with the em- 
bodiment shown in Fig. 9. 

[0081] Figure 1 9showsthe air-fuel ratio A/F in the first 
operating region I in the second embodiment. In Fig. 1 9, 
the curves shown by A/F=13, A/F=14, A/F=1 6, A/F=18, 
and A/F=20 show when the air-fuel ratio is 13, 14, 16, 
18, and 20, respectively. The air-fuel ratios between the 
curves are determined by proportional distribution. In 
this embodiment as well, as shown in Fig. 1 9, in the first 
operating region I other than the region RR, the air-fuel 
ratio becomes lean. Further, in the first operating region 
I, the air-fuel ratio A/F is made lean the lower the re- 
quired torque TQ becomes. 

[0082] Figure 20 shows the amount of injection Q in 



the first operating region. The amount of injection Q in 
the first operating region I is stored in advance in the 
ROM 42 in the form of a map as a function of the required 
torque TQ and the engine rotational speed N as shown 
in Fig. 20. Note that in the second embodiment, the in- 
jection start timing 9S, the target opening degree ST of 
the throttle valve 20, and the target opening degree SE 
of the EGR control valve 31 are calculated from the 
maps shown in Fig. 12B, Fig. 13A, and Fig. 13B. 
[0083] In this embodiment, when switching from the 
first combustion to the second combustion or from the 
second combustion to the first combustion, the air-fuel 
ratio is made rich and the injection start timing GS is de- 
layed to after top dead center. In this way, there is the 
advantage that when the air-fuel ratio is made rich, while 
the amount of fuel consumption increases somewhat, 
no smoke is produced at all. 

[0084] Further, making the air-fuel ratio rich at the 
time of switching between the first combustion and sec- 
ond combustion gives other actions when using an NO x 
absorbent as the catalyst 25. This will be explained next. 
[0085] As explained above, the NO x absorbent 25 has 
the function of absorbing NO x when the mean air-fuel 
ratio in the combustion chambers is lean, while releas- 
ing NO x when the mean air-fuel ratio In the combustion 
chamber 5 becomes rich. Explaining this a little more 
strictly, if the ratio of the air and fuel (hydrocarbons) sup- 
plied into the engine Intake passage, combustion cham- 
ber 5, and exhaust passage upstream of the NO x ab- 
sorbent 25 is referred to as the air-fuel ratio of the-ex- 
haust gas flowing Into the NO x absorbent 25, then the 
NO x absorbent 25 performs an NO x absorption and re- 
lease action in which it absorbs NO x when the air-fuel 
ratio of the inflowing exhaust gas is lean while releases 
the absorbed NO x when the air-fuel ratio of the inflowing 
exhaust gas becomes the stoichiometric air-fuel ratio or 
rich. 

[0086] If this NO x absorbent 25 is placed in the engine 
exhaust passage, the NO x absorbent 25 will in actuality 
perform an NO x absorption and release action, but there 
are portions of the detailed mechanism of this absorp- 
tion and release action which are still not clear. This ab- 
sorption and release action, however, is considered to 
be performed by the mechanism shown in Figs. 21 A and 
21 B. Next, this mechanism will be explained taking as 
an example the case of carrying platinum Pt and barium 
Ba on the carrier, but the same mechanism applies even 
if using another precious metal and alkali metal, alkali 
earth, or rare earth. 

[0087] In the compression ignition type internal com- 
bustion engine shown in Fig. 1 , combustion is usually 
performed when the air-fuel ratio In the combustion 
chamber 5 Is in a lean state. When combustion is per- 
formed with the air-fuel ratio in a lean state in this way, 
the concentration of oxygen in the exhaust gas is high. 
At this time, as shown in Fig. 21 A, the oxygen 0 2 de- 
posits on the surface of the platinum Pt in the form of 
0 2 " or O 2 -. On the other hand, the NO in the inflowing 



15 



20 



25 



30 



35 



40 



45 



50 



10 



19 



EP1 132 597 A1 



20 



exhaust gas reacts with the 0 2 * or 0 2 ~ on the surface of 
the platinum Pt to become N0 2 (2NO+0 2 -»2N0 2 ). 
Next, part of the produced N0 2 is oxidized on the plati- 
num Pt and absorbed in the absorbent and diffuses in- 
side the absorbent in the form of nitrate ions N0 3 - as s 
shown in Fig. 21 A while bonding with the barium oxide 
BaO. The NO x is absorbed In the NO x absorbent 25 in 
this way. So long as the concentration of oxygen in the 
inflowing exhaust gas is high, N0 2 Is produced on the 
surface of the platinum Pt. So long as the NO x absorp- 
tion capability of the absorbent does not become satu- 
rated, the N0 2 is absorbed in the absorbent and nitrate 
ions N0 3 " are produced. 

[0088] On the other hand, when the air-fuel ratio of 
the inflowing exhaust gas is made rich, the concentra- 
tion of oxygen in the inflowing exhaust gas falls and as 
a result the amount of production of N0 2 on the surface 
of the platinum Pt falls. If the amount of production of 
N0 2 falls, the reaction proceeds in the reverse direction 
(N0 3 "-»N0 2 ) and therefore the nitrate ions N0 3 " in the 
absorbent are released from the absorbent in the form 
of N0 2 . At this time, the NO x released from the NO x ab- 
sorbent 25 reacts with the large amount of unburnt hy- 
drocarbons and carbon monoxide contained in the in- 
flowing exhaust gas to be reduced as shown in Fig. 21 B. 
In this way, when there is no longer any N0 2 present on 
the surface of the platinum PT, N0 2 is successively re- 
leased from the absorbent. Therefore, if the air-fuel ratio 
of the inflowing exhaust gas is made rich, the NO x will 
be released from the NO x absorbent 25 in a short time 
and, further, the released NO x will be reduced, so no 
NO x will be discharged into the atmosphere. 
[0089] Note that in this case, even if the air-fuel ratio 
of the inflowing exhaust gas is made the stoichiometric 
air-fuel ratio, NO x will be released fronvthe NO x absorb- 
ent 25. When the air-fuel ratio of the Inflowing exhaust 
gas is made the stoichiometric air-fuel ratio, however, 
the NO x will be released from the NO x absorbent 25 only 
gradually, so a somewhat long time will be required for 
having all of the NO x absorbed in the NO x absorbent 25 
be released. 

[0090] There are, however, limits to the NO x absorp- 
tion capability of the NO x absorbent 25. it is necessary 
to release the NO x from the NO x absorbent 25 before 
the NO x absorption capability of the NO x absorbent 25 
becomes saturated. Therefore, it is necessary to esti- 
mate the amount of NO x absorbed in the NO x absorbent 
25. Therefore, in this embodiment of the present inven- 
tion, the amount of NO x absorption A per unit time when 
the first combustion is being performed is found in ad- 
vance in the form of the map shown in Fig. 22A as a 
function of the required load L and the engine rotational 
speed N, while the amount of NO x absorption B per unit 
time when the second combustion is being performed 
Is found in advance in the form of the map shown in Fig. 
22B as a function of the required load L and the engine 
rotational speed N. The amount ENOX of NO x absorbed 
in the NO x absorbent 25 is estimated by cumulative ad- 



dition of these amounts of NO x absorption A and B per 
unit time. 

[0091 ] I n this embodiment according to the present in- 
vention, when the amount LNOX of NO x absorption ex- 
ceeds a predetermined maximum allowable value, the 
NO x is made to be released from the NO x absorbent 25. 
That is, specifically speaking, when ZNOX<MAX, the 
air-fuel ratio and the injection start timing 6S etc. are 
controlled as shown in Fig. 9. As opposed to this, when 
SNOX>M AX, the air-fuel ratio and the injection start tim- 
ing 9S etc. are controlled as shown in Fig. 1 8. Therefore, 
at this time, NO x is released from the NO x absorbent 
when the air-fuel ratio is made rich at the time of switch- 
ing between the first combustion and the second com- 
bustion. 

[0092] Next, an explanation will be made of the 
processing routine for the NO x releasing flag which is 
set when NO x is to be released from the NO x absorbent 
25 while referring to Fig. 23. Note that this routine is ex- 
ecuted by interruption every predetermined time inter- 
val. 

[0093] Referring to Fig. 23, first, at step 200, It is 
judged If a flag I showing that the engine operating re- 
gion is the first operating region I is set or not. when the 
flag I is set, that is, when the engine operating region is 
the first operating region I, the routine proceeds to step 
201, where the amount of absorption of NO x per unit 
time is calculated from the map shown in Fig. 22A. Next, 
at step 202, A is added to the amount ZNOX of absorp- 
tion of NO x . Next, at step 203, it is determined if the 
amount £NOX of absorption of NO x has exceeded a 
maximum allowable value MAX. If INOX>MAX, the rou- 
tine proceeds to step 204, where the NO x releasing flag 
showing that NO x should be released is set. 
[0094] On the other hand, when it is determined at 
step 200 that the flag I has been reset, that is, when the 
operating state of the engine is the second operating 
region II, the routine proceeds to step 205, where the 
amount B of absorption of NO x per unit time is calculated 
from the map shown in Fig. 22B. Next, at step 206, B is 
added to the amount SNOX of the absorption of NO x . 
Next, at step 207, it is determined if the amount ZNOX 
of the absorption of NO x has exceeded the maximum 
allowable value MAX. When INOX>MAX1 , the routine 
proceeds to step 208, where the NO x releasing flag 
showing that NO x should be released is set. 
[0095] Next, an explanation will be made of the oper- 
ational control with reference to Fig. 24. 
[0096] Referring to Fig. 24, first, at step 300, it is de- 
termined if a flag I indicating the operating state of the 
engine Is the first operating region I has been set or not. 
When the flag I has been set, that is, when the operating 
state of the engine is the first operating region I, the rou- 
tine proceeds to step 301 , where it is determined if the 
required torque TQ has become larger than the first 
boundary X1 (N). when TQ^XI(N), the routine proceeds 
to step 303, where low temperature combustion is per- 
formed. 
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[0097] That is, at step 303, the required torque TQ is 
calculated from the map shown in Fig. 1 0B. Next, at step 
304, the target degree of opening ST of the throttle valve 
20 is calculated from the map shown in Fig. 13A and the 
degree of opening of the throttle valve 20 is made this 
target degree of opening ST Next, at step 305, the target 
degree of opening SE of the EGR control valve 31 is 
calculated from the map shown in Fig. 13B and the de- 
gree of opening of the EGR control valve 31 is made 
this target degree of opening SE. Next, at step 306, the 
injection start timing GS is calculated from the map 
shown in Fig. 12B. 

[0098] Next, at step 307, it is determined if the NO x 
releasing flag has been set. When the NO x releasing 
flag 1 has not been set, the routine proceeds to step 
308, where the amount of injection Q is calculated from 
the map shown in Fig. 12A. On the other hand, when 
the NO x releasing flag has been set, the routine pro- 
ceeds to step 309, where processing is performed to re- 
lease NO x from the NO x absorbent 25. 
[0099] That is, at step 309, first, the amount of injec- 
tion Q is calculated from the map shown in Fig. 20. Next, 
it is determined if the air-fuel ratio has been made rich 
for more than a predetermined period. When the air-fuel 
ratio has been made rich for more than a predetermined 
period, the NO x releasing flag 1 is reset. 
[0100] On the other hand, when it is determined at 
step 301 that TQ>X(N), the routine proceeds to step 
302, where the flag I is reset, then the routine proceeds 
to step 312, where the second combustion is performed. 
[0101] That is, at step 312, the required torque TQ is 
calculatedfrom the map shown in Fig. 1 0B. Next, at step 
313, the target opening degree ST of the throttle valve 
20 is calculated from the map shown In Fig. 1 6A and the 
opening degree of the throttle valve 20 is made this tar- 
get opening degree ST. Next, at step 314, the target 
opening degree SE of the EGR control valve 31 is cal- 
culated from the map shown in Fig. 1 6B and the opening 
degree of the EGR control valve 31 is made this target 
opening degree SE. Next, at step 315, the amount of 
injection Q is calculated from the map shown in Fig. 15A. 
Next, at step 31 6, the injection start timing 6S is calcu- 
lated from the map shown in Fig. 158. 
[01 02] When the flag I is reset, at the next processing 
cycle, the routine proceeds from step 300 to step 31 0, 
where it is determined if the required torque TQ has be- 
come lower than the second boundary Y(N). When 
TQ^Y(N), the routine proceeds to step 312, where the 
second combustion is performed. On the other hand, 
when it is determined at step 31 0 that TQ<Y(N), the rou- 
tine proceeds to step 311 , where the flag I is set, then 
the routine proceeds to step 303, where low tempera- 
ture combustion is performed. 
[0103] According to the present invention, it is possi- 
ble to prevent the production of smoke when switching 
between the first combustion and second combustion. 



Claims 

1. An internal combustion engine in which an amount 
of production of soot gradually increases and then 

5 peaks when an amount of inert gas in a combustion 
chamber increases and in which a further increase 
of the amount of inert gas in the combustion cham- 
ber results in a temperature of fuel and surrounding 
gas in the combustion chamber becoming lower 

10 than a temperature of production of soot and there- 
fore almost no production of soot any longer, said 
engine comprising switching means for selectively 
switching between a first combustion where the 
amount of the inert gas in the combustion chamber 

is is larger than the amount of inert gas where the 
amount of production of soot peaks and almost no 
soot is produced and a second combustion where 
the amount of inert gas in the combustion chamber 
is smaller than the amount of inert gas where the 

20 amount of production of soot peaks, and injection 
timing being delayed until after top dead center of 
a compression stroke when switching between the 
first combustion and second combustion. 

25 2. An internal combustion engine as set forth in claim 
1 , wherein when switching between the first com- 
bustion and the second combustion, the air-fuel ra- 
tio is made lean or the stoichiometric air-fuel ratio 
and the injection timing is delayed until after top 

30 dead center of the compression stroke under the 
first combustion. 

3. An internal combustion engine as set forth in claim 
1 , wherein the operating region of the engine is di- 
ss vided Into a low load side first operating region and 

a high load side second operating region, the first 
combustion is performed in the first operating re- 
gion, and the second combustion is performed in 
the second operating region. 

40 

4. An internal combustion engine as set forth in claim 

3, wherein in a region in the first operating region 
where the load is the highest, the air-fue! ratio is 
made lean or the stoichiometric air-fuel ratio and the 

45 injection timing is delayed until aftertop dead center 
of the compression stroke. 

5. An internal combustion engine as set forth in claim 

4, wherein an exhaust gas recirculation device is 
so provided for recirculating exhaust gas exhausted 

from the combustion chamber into an intake pas- 
sage of the engine, the inert gas is comprised of 
recirculated exhaust gas, the exhaust gas recircu- 
lation rate is made more than about 55 percent in 
55 the first operating region I other than the region 
where the load is the highest, and the exhaust gas 
recirculation rate is made less than 55 percent in 
the region where the load is the highest 
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6. An internal combustion engine as set forth in claim 
1 , wherein a catalyst having an oxidation function 
is arranged in the engine exhaust passage. 

7. An Internal combustion engine as set forth In claim 
6, wherein the catalyst is comprised of at least one 
of an oxidation catalyst, three-way catalyst, and 
NO x absorbent. 

8. An internal combustion engine as set forth in claim 
1 , wherein when switching between the first com- 
bustion and the second combustion, the air-fuel ra- 
tio is made rich and the injection timing is delayed 
until aftertop dead center of the compression stroke 
under the first combustion. 

9. An internal combustion engine as set forth in claim 
8, wherein the operating region of the engine is di- 
vided into a low load side first operating region and 
a high load^side second operating region, the first 
combustion is performed in the first operating re- 
gion, and the second combustion is performed in 
the second operating region. 

10. An internal combustion engine as set forth in claim 
1 , wherein in a region in the first operating region 
where the load is the highest, the air-fuel ratio is 
made rich and the injection timing is delayed until 
after top dead center of the compression stroke. 

11. An internal combustion engine as set forth in claim 
10, wherein an exhaust gas recirculation device is 
provided for recirculating exhaust gas exhausted 
from the combustion chamber into an intake pas- 
sage of the engine, the inert gas is comprised of 
recirculated exhaust gas, the exhaust gas recircu- 
lation rate is made more than about 55 percent in 
the first operating region I other than the region 
where the load is the highest, and the exhaust gas 
recirculation rate is made less than 55 percent in 
the region where the load is the highest. 

12. An internal combustion engine as set forth in claim 
8, wherein a catalyst having an oxidation function 
is arranged in the engine exhaust passage. 

13. An internal combustion engine as set forth in claim 
1 , wherein an NO x absorbent is arranged in the en- 
gine exhaust passage, the air-fuel ratio is made 
lean or the stoichiometric air-fuel ratio and the in- 
jection timing is delayed until after top dead center 
of the compression stroke under first combustion 
when switching between first combustion and sec- 
ond combustion at normal times, and the air-fuel ra- 
tio is made rich and the injection timing is delayed 
until aftertop dead center of the compression stroke 
under first combustion when switching between first 
combustion and second combustion when NO x is 



to be released from the NO x absorbent. 
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LIST OF REFERENCE NUMERALS 

5. . . combustion chamber 

6... fuel injector 

7 . . . suction valve 

9 . . . exhaust valve 

15..- exhaust turbocharger 

20... throttle valve 

2 6... catalytic converter 

29 . . . EGR passage 

31.... EGR control valve 
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